INTRODUCTION
In an area such as Yucca Mountain, Nevada Test Site, where a nuclear waste repository might be constructed [Winograd, 1981 ], a knowledge of the stress field is needed for the proper design of the repository and the evaluation of seismic stability and likelihood of motion on preexisting faults. Activities related to the construction and use of a nuclear waste repository, such as drilling and excavation, as well as the generation of heat by the stored waste, will change the local stress field to some degree. The magnitude of these changes can be estimated, but a knowledge of the preexisting tectonic stresses and their orientations is vital to prediction of how these additional imposed stresses will affect the tectonic stability of the repository area.
Previous workers have obtained a great deal of information about stress magnitudes and orientations in the Nevada Test Site (NTS)area. These data, summarized in part by Cart have caused over 550 m of vertical separation in the Paintbrush Tuff between dril! holes VH-1 and VH-2; they also produce minor displacement in the 3.7-Ma volcanics [Carr, 1982] . USW G-1 is located in Drill Hole Wash, on the east side of Yucca Mountain, at coordinates 36ø52'00"N, 116ø27'30"W, (Figure 3) show that G-1 has significant drift toward the southwest into Yucca Mountain, whereas G-2 is essentially vertical. The holes penetrate units ranging from the Tiva Canyon member of the Paintbrush Tuff to some unnamed tuffs below the Lithie Ridge Tuff (see Spengler et al. [1981] and Maldonado and Koether [1983] for detailed stratigraphic descriptions).
HYDRAULIC FRACTURING PROCEDURES
The hydraulic fracturing stress measurement technique has been extensively described elsewhere [e.g., Haimson and Fairhurst, 1967; Hickman and Zoback, 1983] . Briefly, an interval of the drill hole is isolated between two rubber packers and pressurized until a tensile fracture forms in the borehole wall. The test interval is then "shut-in" (sealed off at the surface) and its pressure-time behavior is monitored. The pressure at which the fracture closes away from the well bore usually appears as an inflection in the pressure-time curve just after shut-in and is referred to as the instantaneous shut-in pressure, or ISIP. The surface valve is then opened to allow the pressure to bleed back to its pretest value. Normally, several more cycles of pressurization, shut-in, and bleeding back are conducted, until the ISIP reaches a stable value; this is interpreted as the normal stress on the fracture away from the well bore [Hickman and Zoback, 1983] . Theory [Hubbert and Willis, 1957] and numerous laboratory experiments [Haimson and Fairhurst, 1970; Haimson and Avasthi, 1975] show that the hydraulic fracture should propagate in a direction perpendicular to the direction of the least horizontal principal stress Sh, and thus the ISIP is taken to be equal to Sh.
The magnitude of the maximum horizontal principal stress Sn can be determined if the rock is assumed to be homogeneous, isotropic, and linearly elastic, with one principal stress direction parallel to the borehole axis (i.e., vertical). Under these conditions the minimum tangential stress at the borehole wall occurs at the azimuth of the greatest horizontal principal stress Sn. The interval pressure required to create a hydraulic fracture at this azimuth depends on the tensile strength T and the pore pressure Pt, and is called the break- 
Equation (2) After successful hydraulic fracturing tests, impression packers are often used to obtain an oriented impression of the hydraulic fracture and determine the Sh direction. In the tests in USW G-1 and USW G-2, no impression packers could be run due to time constraints. However, consistent and detailed information on the Sh direction was obtained from other features in the televiewer log discussed below.
HYDRAULIC FRACTURING RESULTS
Eleven successful hydraulic fracturing tests were conducted in USW G-1 and USW G-2 (Table 1; Figures 4 and 5) . The three shallowest tests in USW G-2 were in the unsaturated zone; all other tests were below the water table.
The unusually low water levels in these holes (575 m in USW G-1 and 526 m in USW G-2) and the low horizontal stresses encountered in the tests mandated some modifications of typical testing procedure. The pressure in the interval often fell below surface hydrostatic pressure during the tests. In addition to the mechanical pressure recorder normally used downhole, a downhole electronic transducer transmitted pressure data to the surface through the wireline to provide realtime information on interval pressure. Because a wireline lubricator was used at the surface to seal the wellhead against the wireline, the rate of pressure decay decreases considerably whenever the pressure in the interval falls below surface hydrostatic pressure (e.g., Figure 5 ; see also ). This change in slope is not necessarily an ISIP; it is caused by the change in compliance of the fluid-filled drill pipe and packer system as the water level drops below the top of the tubing string and a two-phase (water plus low-pressure water vapor) system is created. This transition from a fluid-filled (low compliance) to fluid-and vapor-filled (high compliance) system is reflected by a sudden increase in the apparent bore- Pv-In USW G-1 the circulation valve between the packers was opened using a weighted bar on the end of the wireline. This bar had to be brought back to the surface prior to sending the pressure gauge downhole and sealing off the wellhead so that testing could begin. This required a wait of approximately 1 hour between the time that the circulation valve between the packers was opened (allowing water pressure in the drill pipe to enter the test interval) and the time that pressurization of the interval to breakdown could begin. During this time the test interval was exposed to surface hydrostatic pressure that was 5.7 MPa above the water table hydrostatic pressure. However, because of the absence of preexisting fractures in the hydrofrac interval and the stability of the water level in the drill pipe as observed by us at the wellhead during this period, it is unlikely that this excess pressure significantly raised the pore pressure around the test interval prior to breakdown on the first cycle. After the first cycle the pressure could not be bled back to the water table hydrostatic pressure, so that the actual pore pressure during later cycles (P•, in equation (2) For the USW G-2 tests the weighted bar and downhole pressure gauges were combined as a single wireline assembly, and a wireline lubricator was used to seal off the wellhead, so that testing could begin almost immediately after knockdown. Thus the interval was only exposed to abnormally high fluid pressures for a few minutes before breakdown. The pore pressure at the beginning of the first cycle in the USW G-2 tests can be taken as equal to the water table hydrostatic pressure without reservation. As in the USW G-1 tests, the pressure could not be bled back to the water table hydrostatic pressure after the first cycle. Therefore in both USW G-1 and USW G-2 we use the water table hydrostatic pressure as a lower bound and the ground surface hydrostatic pressure as an upper bound on the value of P•, in equation (2).
These bounding values of P•, in equation (2) •'Note that since S n < S n, Pv = surface hydrostat is too high an upper limit for Pv in equation (2). tests were not used because they either showed fracture reopening pressures that were not significantly different from the initial breakdown pressure (shallower tests in USW G-2) or because the fracture reopening pressures were subhydrostatic and could not be accurately determined (shallower tests in USW G-l). The S n values obtained in all three cases are greater than Sn and less than S, ( Table 2 Throughgoing fractures (defined as fractures for which both updip and downdip intersections with the hole are visible on the televiewer log) are present at all depths. The majority of these dip at angles greater than 60 ø . Plots of the dip direction as a function of depth for fractures in USW G-1 (Figure 7a) show that in the upper part of USW G-l, these fractures strike slightly east of north and usually dip steeply to the ESE. Below about 1050 m they have more scattered orientations, and some quite shallow dips are observed. Many more fractures are seen in the USW G-2 televiewer log (Figure 7b) than in the USW G-1 log. In the upper 500 m of the USW G-2 log the fractures show a preferred orientation of NNE strikes and high-angle dips (greater than 60 ø) to either ESE or WNW. A few fractures with dips less than 60 ø occur throughout the log. The scatter in dip direction increases slightly with depth for both low-angle and high-angle fractures.
Stereographic projections of poles to the throughgoing fractures (Figure 8) show that in USW G-2 the fractures clearly become less steep with depth. This is also the case for the fractures seen in USW G-l, although it is a much more abrupt change.
Most of these fractures cannot be easily correlated with fractures in the core because the core was not oriented with respect to north. Although larger fault zones seen in the televiewer logs can be correlated with similar features in the core, there are many more fractures in the core than in the televiewer log. Some of these may be due to the coring process; many are probably preexisting fractures that were too small to be resolved by the televiewer. We infer that most of the throughgoing fractures seen in the televiewer log were present before drilling; the NW to NE strikes are consistent with surface observations of NW to NE trending faults on Yucca Mountain (Figure 2) . Very high angle, nonthroughgoing fractures are also prominent in the upper part of the televiewer logs (Figure 9) . In USW G-1 these occur between 520 and 760 m depth, as long single fractures with strikes between N15øE and N35øE. In USW G-2 they occur between 526 and 678 m depth, as en echelon subparallel fractures merging into one another along a strike of N25øE to N30øE. Because some of the corresponding sections of core are unfractured, these fractures were probably created after coring. We believe that these are hydrofractures induced by the drilling process, which are oriented perpendicularly to the Sh direction (implying that Sh = N65øW in USW G-1 and N60øW in USW G-2). The stress conditions required to form these fractures are discussed later.
Throughout large sections of the USW G-1 televiewer log and at depth in the USW G-2 televiewer log, vertical black bands occur in pairs centered at azimuths approximately 180 ø apart. There are two types of black bands: very regular, continuous black bands with fuzzy, gradational edges and more irregular bands, often discontinuous, with sharp, jagged edges. These were examined by reprocessing the recorded signal in travel time mode to produce a horizontal cross section of the hole [see Zoback et al., 1985] . The travel time cross sections of these bands demonstrate that the regular, continuous bands are due to the tool being off center in the hole. These dark bands are more prominent in the USW G-1 televiewer log because USW G-1 had a drift of up to 12 ø toward the southwest (Figure 3) . USW G-2 had a maximum drift less than 5 ø, so the tool was usually well centered and these regular black bands were not observed.
By contrast, the jagged, irregular black bands were found to correspond to preferentially enlarged (spalied) regions of the In USW G-l, breakouts were continuously present from 1113 to 1202 m depth, with an average azimuth of S80øW (Figure 11a) . In USW G-2, breakouts were present at depths of 1053-1056, 1074, and 1084-1219 m, with an average azimuth of N60øW (Figure 11b These measurements are in good agreement with other stress indicators from the Nevada Test Site which yield a NW-SE to WNW-ESE direction of S•. Although both normal and strike-slip faulting patterns are observed at NTS, calculations of slip on preexisting faults show that the observed strike-slip focal mechanisms could occur in response to a normal faulting stress regime similar to that measured at Yucca Mountain.
